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(54) High efficiency polycrystalline phosphors and method of making same 



(57) A phosphor is provided that has a host materia! 
that is doped with a dopant having the chemical struc- 
ture XCI3, where X is a rare earth element or combina- 
tion of elements. A free oxygen contributor is also added 
to provide the free oxygen necessary to activate the rare 
earth dopant. The processing of the phosphor includes 
the heating of the phosphor in an overpressure environ- 



ment of zinc, cadmium or tellurium. The heating is done 
in a two-temperature zone enclosed environment, so 
that impurities in the phosphor powder are condensed 
out on the cooler surface. Alternatively, the dopant may 
be a material that is not a rare earth element, such as 
copper, tellurium, cadmium, silver, potassium, manga- 
nese, magnesium, calcium, strontium, and barium. 
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Description 

FIELD OF THE INVENTION 

[0001] This invention relates to luminescent phos- 
phors and, in particular, those phosphors used in x-ray 
imaging with CCD and other silicon-based detectors. 

CROSS REFERENCE TO RELATED APPLICATIONS 

[0002] This application takes priority from U.S. Provi- 
sional Application Serial No. 60/093,280, filed July 17, 
1998. 

BACKGROUND OF THE INVENTION 

[0003] Luminescent phosphor screens are used in 
conjunction with CCD detectors (or other silicon detec- 
tors) as high resolution, high dynamic range x-ray imag- 
ers in x-ray crystallography, medical and industrial im- 
aging. The performance of these devices is heavily de- 
pendent on the characteristics of the phosphor material 
used. Desirable characteristics for a phosphor of this 
type include high photoluminescent efficiency, peak 
emission in the red or near-infrared wavelength range, 
and low afterglow. The desire for high photoluminescent 
efficiency is due to the obvious advantage of higher sen- 
sitivity. Peak emission in the red or near-infrared bands 
enables the phosphor output to match the maximum 
quantum efficiency of the silicon detectors. Low after- 
glow is important for high dynamic range imaging (high 
afterglow levels lead to ghost images and streaking). 
[0004] Recently, phosphors based on ZnSe, . x Te x and 
ZnSe^Te^CuiCI have been developed. These phos- 
phors show high x-ray luminescence with a peak emis- 
sion near 650-700 nm (depending on the exact doping 
composition used), and have an energy efficiency of 
about 20%. Furthermore, they show low afterglow levels 
as compared to previously available x-ray phosphors. 
These phosphors are described in detail in V. Valdna, et 
al., "Znse.,_ x Te x solid solutions," Journal of Crystal 
Growth, Vol. 161, 1996 : pp. 177-180. 
[0005] The phosphors disclosed by Valdna have 
many of the necessary qualities of a good imaging phos- 
phor However, it has been found that, in their basic for- 
mulation, phosphors of this type suffer from a nonlinear 
output in that, during the initial luminescence of the 
phosphor while being exposed to constant x-ray flux, the 
luminescence of the phosphors increases over a finite 
period of time before stabilizing. Moreover, the phos- 
phors exhibit an undesirable amount of afterglow once 
the x-ray exposure has been discontinued. 

SUMMARY OF THE INVENTION 

[0006] In accordance with the present invention, a 
phosphor is provided that uses a zinc selenide host ma- 
terial that has a relatively high starting purity and appro- 



priate grain size, typically 1 -2 microns median. If neces- 
sary, the purity of the host material may be increased by 
driving off high vapor pressure contaminants with a vac- 
uum purification step. Once a sufficiently pure host ma- 

5 terial is acquired, a dopant is added. A fluxing agent, 
such as zinc chloride (ZnCy is preferably used to facil- 
itate diffusion of the dopant into the host. In the preferred 
embodiment, the dopant consists of a rare earth ele- 
ment combined with free oxygen. One method of pro- 

io viding such a combination is to dope the host with a ma- 
terial having the chemical structure XCI 3 , where CI is 
chlorine and X is the desired rare earth material. In the 
preferred embodiment, the free oxygen is then added 
by diffusion of a chlorate or nitrate into the host. For ex- 

J5 ample, materials such as potassium chlorate (KCI0 3 ), 
silver chlorate (AgCI0 4 ) or silver nitrate (AgN0 3 ) may 
be used to provide the desired oxygen. 
[0007] Some examples of rare earth components 
known to be effective in the aforementioned doping 

20 strategy include Europium (Eu), Samarium (Sm), Neo- 
dymium (Nd), Gadolinium (Gd), Hoimium (Ho), Erbium 
(Er) and Ytterbium (Yb). Free oxygen is then added to 
the host. It is also possible to use combinations of rare 
earth dopants along with the co-dopants used to intro- 

25 duce free oxygen. Some examples of such combina- 
tions are Cerium-Terbium (Ce-Tb) and Cerium-Terbium- 
Erbium (Ce-Tb-Er). Naturally, different rare earth ele- 
ments or combinations thereof may be selected to 
achieve a desired wavelength. 

30 [0008] In another embodiment of the invention, a do- 
pant is used that has the chemical structure XCI2, and 
which uses a secondary material that is not a rare earth 
element. These secondary materials may include cop- 
per, tellurium, cadmium, silver, potassium, manganese, 

35 magnesium, calcium, strontium, and barium. When us- 
ing one of these secondary materials, it is not necessary 
to introduce Iree oxygen into the host, so no oxygen- 
contributing material (e.g., chlorate or nitrate) is added. 
Preferably, the dopants in this embodiment are added 

40 jn an aqueous solution to a molar dopant concentration 
of approximately 0.0005, with an appropriate flux (e.g., 
ZnCI 2 ) at 0.1-5.0% by weight. If the dopant is added in 
an aqueous solution, the water should be so-called "ul- 
tra-high purity distilled water," (that is, greater than 18 

^5 Mi"2-cm resistivity). 

[0009] In each of the embodiments discussed above, 
the addition of the dopant is followed by drying of the 
phosphor and segregation of the zinc selenide grains. 
The material is then annealed at a high temperature (e. 

50 g. t 1000-1 200° C) to diffuse the dopants, to remove any 
fracture defects caused by the milling and, if a rare earth 
dopant is used, to form complex defects between the 
rare earth materia! and the subsequently added chlorate 
or nitrate. The phosphor is then washed again, dried and 

55 loaded into a two-temperature zone container. The hot- 
ter zone (the zone containing the phosphor powder) is 
heated to approximately 1000-1200° C, while the con- 
tainer is slowly rotated. This causes the excess (that is, 
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non -stoichiometric) metal components and high vapor 
pressure impurities to vaporize, and they thereafter con- 
dense out on a surface of the container located in the 
cooler zone. After this process, the material is cooled, 
and the cooled phosphor is sieved. If wet sieving or sed- 
imentation is used, ultrapure water should be used, and 
the material should be subsequently heated again in a 
two-temperature zone container at lower temperatures 
so as to remove oxide layers that form on the surface of 
the power granules. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] FIGS. 1 A-1B together form a flowchart depict- 
ing schematically the general steps involved in produc- 
ing a phosphor according to the present invention. 
[0011] FIG. 2 is a schematic diagram of components 
used during fabrication of a phosphor according to the 
present invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

[0012] The present invention is directed to an im- 
proved phosphor material similar to the prior art phos- 
phor described above, and a method for producing this 
and other phosphor materials. Like the aforementioned 
material, the phosphor according to the present inven- 
tion is a polycrystalline powder. In a preferred embodi- 
ment, this powder is zinc selenide (ZnSe) doped with at 
least one secondary material. In a preferred embodi- 
ment the secondary material is a rare earth element that 
is activated by the addition of free oxygen. In an alter- 
native embodiment, the material is a non-rare earth ma- 
terial, with no oxygen activation. 
[001 3] Various crystal defects appear to some degree 
in nearly ail polycrystalline phosphor powders. Similarly, 
impurities are common in zinc selenide, a particularly 
detrimental one being sulfur. We believe that the non- 
linearity characteristics of the prior art phosphor are due 
to such defects and impurities in the crystal structure. 
We also believe that defects and impurities in the mate- 
rial are the cause of the afterglow in the prior art phos- 
phor. The following method describes a preferred em- 
bodiment for preparing a phosphor material according 
to the invention. Those skilled in the art will recognize 
that various changes may be made in this method with- 
out deviating from the scope of the invention. Such 
changes may include omitting one or more of the steps, 
adding other processing steps, or changing the order in 
which the steps are performed. 

[0014] The preferred method steps of the invention 
are depicted in a flow diagram in FIG. 1. The desired 
purity for the starting host material is at least 99.9999%. 
However, less pure materials may be used if purged of 
certain deleterious impurities. One material that is suf- 
ficiently pure in its starting state is CVD grade zinc se- 
lenide available from Phase 4 Infrared Corp., Lowell, 



MA. However, if it is necessary to remove deleterious 
impurities, such as sulfur, nickel, cobalt, carbon and 
iron, known purification techniques may be used. This 
is shown in FIG. 1 as step 102. Once the desired starting 

5 host material is acquired, the raw host material is milled 
and sieved to about one-micron average particle size 
using a ceramic surfaced mill (such as agate or zircon ia) 
or a ceramic-surfaced vortex air mill (step 104). 
[0015] After the host material is properly milled, the 

to desired dopant is added along with the appropriate flux- 
ing agent (step 106). The dopant is preferably added as 
an aqueous solution to a molar concentration of 0.0002 
- 0.0010. In the preferred embodiment, the dopant in- 
cludes a rare earth element such as europium (Eu), sa- 

is marium (Sm), neodymiurn (Nd), gadolinium (Gd), hol- 
mium (Ho), erbium (Er) and ytterbium (Yb). Combina- 
tions ol rare earth materials, such as Cerium-Terbium 
(Ce-Tb) and Cerium-Terbtum-Erbium (Ce-Tb-Er) may 
also be used. The rare earth dopants provide high pho- 

20 toluminescence when activated by the addition of free 
oxygen. Thus, a source of oxygen is diffused into the 
host along with the dopant. In the preferred embodi- 
ment, the oxygen source is a chlorate or nitrate. Exam- 
ples include potassium chlorate (KCI0 3 ), silver chlorate 

25 (AgCI0 4 ) or silver nitrate (AgN0 3 ). The use of gaseous 
oxygen as an activator is less desirable, as it is difficult 
to achieve uniform distribution of the oxygen throughout 
the doped material. While the use of most chlorates or 
nitrates results in an additional unnecessary material in 

30 the resulting phosphor, one may be used that is not par- 
ticularly deleterious to the performance of the phosphor. 
Zinc chlorate would be a desirable material for this pur- 
pose, but tends to decompose at a temperature too low 
to withstand subsequent processing of the phosphor. 

35 [0016] In the preferred embodiment, the rare earth do- 
pant is added as a material with the chemical structure 
XCI 3 , where X is the desired rare earth element or com- 
bination of elements. An appropriate flux, such as zinc 
chloride (2nCI 2 ) is also added to the material to promote 

40 diffusion of the dopant and the oxygen-contributing ad- 
ditive into the host material Those skilled in the art will 
recognize that different flux materials may be used as 
well. In the prelerred embodiment, the ZnC^ fluxing 
agent is added in an amount of 0.1-5.0% by weight The 

45 flux reduces the effective melting temperature of the 
host, allowing tor purging at tower temperatures. 
[0017] Following addition of the dopant, the oxygen- 
contributing material and the flux, the host powder is 
dried in a dessicator at approximately 70-100° C for 

so about 2-3 hours (step 110). The powder is then an- 
nealed at a temperature of 1000-1200° C to diffuse the 
dopant and oxygen -contributor, to form complex crystal 
defects with the rare earth material and the oxygen-con- 
tributor and to remove any fracture defects caused by 

55 milling (step 114). The material is then washed with ul- 
trapure water, dried and loaded into an ampoule (step 
116). 

[0018] An appropriate quartz ampoule 202 is shown 
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in FIG. 2 with the milled, doped ZnSe powder 206 resid- 
ing in a powder-containing section 214 of the ampoule. 
In the preferred embodiment, the ampoule has different 
diameter regions of different lengths. The powder-con- 
taining section 214 is approximately 150 mm in length, s 
with a diameter of 33-38 mm. Narrow ampoule sections 
216, 220 are each approximately 150 mm in length with 
a diameter of 9-12 mm. The open end of ampoule sec- 
tion 220 is connected to vacuum hose 224 that leads to 
vacuum pump 208. 

[0019] Between the narrow ampoule sections 216, 
220 is a component trap 218. The component trap 218 
has a diameter larger than that of the narrow sections 
216, 220, but smaller than powder section 214. The trap 
218 is sized so that a portion of it will contain a chuck 
222 of material used to generate a particular metal vapor 
environment during the purifying process. In particular, 
the trap 2 1 8 is an annular cavity that is axially symmetric 
about an axis passing through the length of the am- 
poule. In the preferred embodiment, the chuck is zinc, 
and is used to generate a zinc vapor atmosphere, as 
described below. Furthermore, the ampoule has a con- 
striction 219 between section 216 and trap 218 that is 
narrower than the diameter of chuck 222 so that the 
chuck can be loaded into the ampoule after the powder, 
and will not enter the powder section 214 and contami- 
nate the host. The description that follows makes refer- 
ence to both the method steps of FIGS. 1 A and 1 B and 
the ampoule components shown in FIG. 2. 
[0020] Once the host powder is located in section 2 1 4 
of the ampoule, and the chuck is located in the trap 21 8, 
filter the vacuum hose 224 is connected to the open end 
of ampoule section 220. Using the vacuum pump, the 
ampoule is pumped down to less than 10~ 6 Torr and 
sealed using a gas torch or a vacuum valve (step 118). 
Broken lines 226 in FIG. 2 are used to indicate the lo- 
cation at which the ampoule is sealed in the preferred 
embodiment. The sealed ampoule is then placed in a 
two-zone furnace, the labels "Zone I" and "Zone IT being 
used in FIG. 2 to indicate which sections of the ampoule 
are located in which zone. The ampoule is then heated 
to further process the host powder. During the time that 
it is heated, it is maintained at a horizontal angle, and 
slowly rotated (at approximately 0.3-1.0 RPM) (step 
120). 

[0021] In the preferred embodiment, Zone I is heated 
to a temperature of 900-1200° C, while Zone II is simul- 
taneously heated to a temperature of 880-1 180° C. The 
temperature in Zone I is high enough to drive high vapor 
pressure impurities out of the host powder. Meanwhile, 
the temperature in Zone II is high enough to vaporize a 
portion of the chuck 222. This creates a metal vapor 
overpressure in the ampoule, providing an atmosphere 
for the powder during processing. The use of metal va- 
pors, such as zinc, tellurium or cadmium, allows the cre- 
ation of a solid solution with the host that can modify the 
electronic properties of the host crystal. For example, 
the use of a zinc overpressure can decrease zinc va- 



cancy defects in the host, white overpressures of tellu- 
rium and cadmium can modify the crystal bandgap to 
shift the wavelength of luminescence and decrease the 
concentration of shallow electron traps, thereby reduc- 
ing afterglow. 

[0022] The temperatures of the ampoule are main- 
tained for 1 -3 hours, after which Zone I is cooled to about 
470° C , and Zone 1 1 is cooled to about 300° C (step 1 22) . 
The ampoule is maintained at these temperatures, while 
being rotated, for another 1 -20 hours, depending on the 
quantity of phosphor being processed. During this time, 
materials with a high vapor pressure at the process tem- 
perature (e.g., adsorbed gases, excess materials such 
as zinc or silicon, etc.) that have evaporated out of the 
powder, condense out on the cold ampoule walls in 
Zone II. After this cycle, the ampoule is removed from 
the furnace and allowed to cool to room temperature. 
The ampoule 202 may then be opened by first drilling a 
small hole (<0.1 mm diameter) in it with a diamond drill. 
After the interior ampoule pressure has equilibrated at 
atmospheric pressure, the ampoule may be safely 
opened completely with a diamond saw, and the purified 
powder removed (step 124). The cooled phosphor is 
then sieved to allow the smaller desired particles to be 
separated from the larger ones (step 1 26). If wet sieving 
or sedimentation is used, an ultrapure water solution 
should be used, and the phosphor should be subse- 
quently annealed to remove any oxide layer that forms. 
[0023] In an alternative embodiment of the invention, 
the dopant does not include a rare earth material. In- 
stead, the dopant has the chemical structure XCIg, 
where X is one of a number of different elements or a 
combination of a number of those elements. For exam- 
ple, X may be copper (Cu), tellurium (Te), cadmium (Cd), 
silver (Ag), potassium (K), manganese (Mn), magnesi- 
um (Mg), calcium (Ca), strontium (Sr), and barium (Ba). 
These dopants are added to the host powder in the 
same way as described above for the rare earth do- 
pants, except that no oxygen-contributing materials are 
necessary to activate the dopant. Thus, no chlorate or 
nitrate material would be added. However, the remain- 
der of the method is the same, including the vacuum 
purification of the material. 

[0024] A phosphor is provided that has a host material 
that is doped with a dopant having the chemical struc- 
ture XCI 3 , where X is a rare earth element or combina- 
tion of elements. A free oxygen contributor is also added 
to provide the free oxygen necessary to activate the rare 
earth dopant. The processing of the phosphor includes 
the heating of the phosphor in an overpressure environ- 
ment of zinc, cadmium or tellurium. The heating is done 
in a two-temperature zone enclosed environment, so 
that impurities in the phosphor powder are condensed 
out on the cooler surface. Alternatively, the dopant may 
be a material that is not a rare earth element, such as 
copper, tellurium, cadmium, silver, potassium, manga- 
nese, magnesium, calcium, strontium, and barium. 
[0025] While the invention has been shown and de- 
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scribed with reference to a preferred embodiment there- 
of, those skilled in the art will recognize that various 
changes in form and detail may be made herein without 
departing from the spirit and scope of the invention as 
defined by the appended claims. 



Claims 

1 . A phosphor comprising: 

a polycrystalline zinc selenide host powder; 
a dopant that comprises a rare earth element; 
and 

a source of free oxygen that activates the do- 
pant. 

2. A phosphor according to claim 1 wherein the dopant 
has the chemical structure XCI 3 , where CI is chlo- 
rine and X comprises the rare earth element. 

3. A phosphor according to claim 1 or 2 wherein the 
source of free oxygen comprises an oxygen contrib- 
utor comprising a chlorate or a nitrate. 

4. A phosphor according to one of the preceding 
claims wherein the dopant is added as an aqueous 
solution that comprises ultrapure water. 

5. A phosphor according to one of the preceding 
claims wherein the phosphor is heated in a metal 
vapor environment. 

6. A phosphor according to one of the preceding 
claims wherein the phosphor is heated in a contain- 
er with multiple temperature zones, such that impu- 
rities are driven from the phosphor in a first temper- 
ature zone and condensed on a surface of the con- 
tainer in a second temperature zone cooler that the 
first zone. 

7. A phosphor according to one of the preceding 
claims wherein the molar concentration of the do- 
pant is approximately 0.0002 - 0.0010. 

8. A phosphor according to one of the preceding 
claims wherein the phosphor has been annealed 
following the addition of the dopant. 

9. A composition of matter comprising: 

a solid host material; and 
a dopant consisting essentially of a secondary 
material converted to an oxidized material with- 
in the host, wherein the secondary material is 
diffused into the host, and is subsequently ac- 
tivated by the diffusion of an oxygen donor com- 
pound into the host that reacts with and oxidiz- 



es the secondary material. 

10. A composition according to claim 9 wherein the sec- 
ondary material comprises a rare earth material. 

5 

11. A phosphor according to claim 10 wherein the do- 
pant has the chemical structure XC^, where CI is 
chlorine and X is the rare earth material. 

10 12. A composition according to claim 9 or 10 wherein 
the oxygen donor compound comprises a chlorate 
or nitrate. 

13. A composition according to one of the claims 9 to 
is 12 wherein the host material comprises a com- 
pound that includes one element defined by two 
electrons in its outermost shell, and one element 
defined by four electrons in its outermost shell. 

20 14. A method of producing a phosphor comprising: 

providing a polycrystalline host material; 
doping the host with a dopant that comprises a 
rare earth material; and 
25 activating the dopant by providing a source of 

free oxygen to the doped host material. 

15. A method according to claim 14 wherein the prede- 
termined dopant has the chemical structure XCI3, 

30 where CI is chlorine and X comprises the rare earth 
material. 

16. A method according to claim 14 or 15 further com- 
prising purging the host material of a high vapor 

35 pressure impurity. 

1 7. A method according to claim 1 6 wherein purging the 
host material comprises locating the host material 
in a vacuum chamber, and heating it to predeter- 

40 mined temperature below its melting point, the pre- 
determined temperature being high enough to allow 
the vaporization ol the vapor pressure impurity. 

18. A method according to one of the claims 14 to 17 
45 wherein doping the host material comprises adding 

an aqueous solution to the host material preferably 
wherein doping the host material comprises doping 
the host material to a molar dopant concentration 
of 0.0002-0.0010. 

so 

19. A method according to one of the claims 14 to 18 
wherein providing a host material comprises provid- 
ing a host material that comprises a compound that 
includes an element defined by having two elec- 

55 trons in its outermost shell, and an element defined 
by having four electrons in its outermost shell. 

20. A method according to one of the claims 14 to 19 
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providing a host material comprises providing a 
host material that comprises zinc selenide. 

21. A method according to one of the claims 17 to 20 
further comprising moving the host material within 5 
the vacuum chamber during heating. 

22. A method according to one of the claims 17 to 21 
further comprising maintaining an inner surface of 
the vacuum chamber at a temperature below the 10 
vaporization temperature of said impurity such that 
the impurity condenses out onto said inner surface. 

23. A method according to one of the claims 17 to 22 
wherein heating of the phosphor takes place in a 1$ 
metal vapor environment. 

24. A method according to one of the claims 1 7 to 23 
wherein heating of the phosphor takes place in a 
container with multiple temperature zones, such 20 
that impurities are driven from the phosphor in a first 
temperature zone and condensed on a surface of 
the container in a second temperature zone cooler 
than the first zone. 

25 



30 



35 



40 



45 



so 



6 




7 



EP 0 972 816 A2 




116 



WASH. DRY AND 
LOAD INTO AMPOULE 



DRAW VACUUM AND SEAL 



I 



118 



120 



HEAT AND ROTATE 



LOWER TEMPERATURE 



J 

J 



122 



COOL AND REMOVE POWDER 
FROM AMPOULE 




124 



SIEVE POWDER 





126 



FIG. IB 



MSDOCJD: <EP 0972816A2_I_> 



8 



EP 0 972 816 A2 



CP 
O 

4- 




(19) 



3 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 



(12) 



(n) EP 0 972 816 A3 

EUROPEAN PATENT APPLICATION 



(88) 


Date of publication A3: 


(51) Int CI. 7 : CQ9K 11 /oo, QA)yr\ 11 /ob 




12.07.2000 Bulletin 2000/28 


(43) 


Date of publication A2: 






■* A A4 A AAA B. AAAAAAM 

19.01.2000 Bulletin 2000/03 




(21) 


Application number. 99113410.7 




(22) 


Date of filing: 12.07.1999 




(84) 


Designated Contracting States: 


(72) Inventors: 




AT BE CH CY DE DK ES Fl FR GB GR IE IT LI LU 


• Valdna, Velio 




MC NL PT SE 


EE 0026 Tallinn (EE) 




Designated Extension States: 


• Durst, Roger D. 




AL LT LV MK RO SI 


Middleton, Wl 53562 (US) 


(30) 


Priority: 17.07.1998 US 93280 P 


(74) Representative: KOHLER SCHMID + PARTNER 




14.05.1999 US 313565 


Patentanwalte 






Ruppmannstrasse 27 


(71) 


Applicant: Bruker AXS, Inc. 


70565 Stuttgart (DE) 




Madison, Wl 53719-1173 (US) 





(54) High efficiency polycrystalline phosphors and method of making same 



(57) A phosphor is provided that has a host material 
that is doped with a dopant having the chemical struc- 
ture XCI 3 , where X is a rare earth element or combina- 
tion of elements. A free oxygen contributor is also added 
to provide the Iree oxygen necessary to activate the rare 
earth dopant. The processing of the phosphor includes 
the heating of the phosphor in an overpressure environ- 



ment of zinc, cadmium or tellurium. The heating is done 
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